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We report a case of murine typhus in China caused by
Rickettsia typhi and diagnosed by nanopore targeted se-
quencing of a bronchoalveolar lavage fluid sample. This
case highlights that nanopore targeted sequencing can
effectively detect clinically unexplained infections and be
especially useful for detecting infections in patients without
typical signs and symptoms.
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Murine typhus is caused by Rickettsia typhi bac-
teria transmitted by rat or cat flea vectors. Persons
with murine typhus often have nonspecific or mild
symptoms, such as fever, myalgia, and rash. In rare
instances, murine typhus will cause atypical or mul-
tiple organ dysfunction syndrome (MODS) (1,2).

Murine typhus is an undifferentiated febrile ill-
ness, which makes it challenging to recognize and di-
agnose. We report a case of murine typhus and MODS
in a patient without rash. We diagnosed murine ty-
phus by using nanopore targeted sequencing (NTS) of
a bronchoalveolar lavage fluid (BALF) sample, aiming
to provide more reference for clinical practice.

A 60-year-old female farmer from Yunnan Prov-
ince, China, had fatigue, anorexia, nausea, dizzi-
ness, and vomiting for 1 week. At admission, she
was afebrile and hemodynamically stable and did
not have headache, rash, or eschar. Chest computed
tomography (CT) imaging showed pneumonia and
a small plural effusion (Figure, panels A, B). By the
next day, her condition had deteriorated. She experi-
enced chills, fever (temperature 39°C), severe hypo-
tension (70/53 mm Hg), dyspnea, and deterioration
of the oxygenation index. Preliminary laboratory
investigation demonstrated mild leukocytosis (13.86
x 107 cells/L), moderately elevated transaminase
levels (alanine aminotransferase 197 U/L, aspar-
tate aminotransferase 128 U/L), severe thrombocy-
topenia (12 x 10° platelets/L), coagulation disorder
(D-dimer 49.8 ng/mL), elevated C-reactive protein
(207.4 mg/L) and procalcitonin (4.65 ng/mL) levels,
and respiratory failure (partial pressure of oxygen
58.9 mm Hg).

The patient was given intravenous meropenem
and norepinephrine and was admitted on noninva-
sive ventilation. We then conducted tests for malaria,
Legionella, influenza virus, SARS-CoV-2, HIV, herpes
simplex virus, cytomegalovirus, Epstein-Barr virus
IgM, Roxiella burnettii IgM (phase 1l antigen), R. typhi
IgM, Mycoplasma pneumoniae IgM, Chlamydia IgM, re-
spiratory syncytial virus IgM, and adenovirus IgM;
results were all negative. In addition, testing of blood,
urine, stool, and sputum cultures and bone marrow
biopsy all produced negative results.

On admission day 5, she remained normotensive.
Her body temperature dropped, but she still had a
low-grade fever, body temperature fluctuating from
37.5°C to 38°C. However, the cause of her severe in-
fection remained unclear. The next day, she under-
went bronchoscopy. BALF was sent to undergo NTS
analysis to Wuhan Dgensee Clinical Laboratory Co.,
Ltd (https://www.dgensee.com). Two days later,
NTS results revealed R. typhi DNA.
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NTS analysis yielded a total of 71,252 single-end
reads. R. typhi had the highest relative abundance
of 44.58% (n = 31,764 reads). Subsequently, we con-
ducted quantitative PCR (qPCR) using a sequence
from GenBank (accession no. WP_011190964) as
the target gene to detect R. typhi. The qPCR re-
sults confirmed the NTS detection (Appendix,

1276

https:/ /wwwnc.cdc.gov/EID/article/29/6/22-
1929-Appl.pdf).

After the murine typhus diagnosis, the patient
was treated with doxycycline (100 mg every 12 h)
beginning on admission day 9. Soon after, her body
temperature, platelet count, and blood coagula-
tion function returned to normal. Reexamination of

Figure. Chest computed
tomography images from a
patient with severe murine
typhus detected by nanopore
targeted sequencing, China.

A, B) Images taken at hospital
admission demonstrating
pneumonic exudation of the left
lung lingual segment and double
lower lobes and small plural
effusion. C, D) Improvement

of pulmonary infiltrates after

14 days. E, F) Resolution

of pulmonary infiltrates
demonstrated 1 month after
hospital discharge.
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chest CT images showed improved pulmonary infil-
trates (Figure, panels C, D), and she was discharged
from the hospital. She continued doxycycline (100
mg 2x/d) for 14 days after discharge. At a 1-month
follow-up, she had no symptoms of discomfort, and
chest CT imaging showed resolving pulmonary infil-
trates (Figure, panels E, F).

As an undifferentiated febrile illness, murine ty-
phus can be challenging to diagnose in clinically mild
or severe illness. Murine typhus can manifest with
nonspecific symptoms and mimic other disease pro-
cesses, making laboratory-confirmed diagnosis diffi-
cult without a high index of suspicion.

Diagnosis of murine typhus is usually performed
by serologic testing and molecular analysis. Adapta-
tion of modern serologic techniques for murine ty-
phus diagnosis has substantially increased diagnostic
accuracy, and serology was deemed the standard be-
fore the wide acceptance of molecular testing. Rick-
ettsial infections require early diagnosis and treat-
ment to prevent severe outcomes, but early diagnosis
is rarely achieved by using serology (3). In addition
to serology, the most common diagnostic method for
murine typhus is qPCR (4). However, PCR has limi-
tations, including being more sensitive during acute
illness, such as the febrile phase, usually days 1-5 of
illness, but possibly up to days 7-10 (3).

NTS is a groundbreaking technology that has the
potential to overcome the shortcomings of both PCR
and metagenomic next-generation sequencing, and
next-generation sequencing is much less affected by
antimicrobial drugs than is PCR (5-7). NTS has been
used clinically and has shown high specificity and sen-
sitivity (6). NTS combines long read length (>5,000 bp)
and targeted amplification of 165 RNA gene for bac-
teria, rpoB for mycobacteria, and internal transcribed
spacer (ITS) for fungi, all of which are free from inter-
ference of host background DNA (8,9). NTS can accu-
rately detect causative pathogens in infectious samples
and has a short 8-14-hour turnaround time.

In conclusion, we successfully detected R. typhi
by using NTS in a febrile patient with MODS but
without rash. NTS is a promising technology that
can efficiently identify infectious pathogens early
and has the potential to assist physicians in provid-
ing timely and precise treatment, especially for pa-
tients with nonspecific symptoms indicative of mul-
tiple disease processes.
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Appendix

Sample Processing and DNA Extraction

All samples were collected into sterile tubes and sent to the clinical laboratory for DNA
extraction. BALF samples were centrifuged at 20,000 x g for 10 min and the supernatant was
removed. Then 200 pL of the sample was retained for DNA extraction. As for blood, 1.5 mL of
EDTA whole blood samples were centrifuged at 800 x g for 10 min at room temperature and the
lower part of red blood cells was discarded. About 600 pL of supernatant, including leukocytes
and plasma, were separated and transferred to a new Eppendorf tube. Then the tube was
centrifuged at 16,000 % g for 10 min and the supernatant was discarded. About 200 pL of
precipitate was collected for subsequent DNA extraction. DNA was extracted using the Sansure
DNA Extraction Kit (Changsha, China) following the manufacturer’s instructions. At the same
time, 200 puL Tris-EDTA buffer was added in the batch as the negative control for DNA

extraction (extraction control, ETC).

Amplification and Nanopore Targeted Sequencing

NTS was built by targeted amplification of the 16S rRNA gene (for bacteria), ITS1/2
gene for fungal, and rpoB for Mycobacterium spp. by using universal and specific primers, and
sequenced by a real-time nanopore sequencing platform. The 27F/1492R and ITS1/4 primers

were employed as the start primers for amplification of bacterial 16S rRNA and fungal internal
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transcribed spacer regions 1 and 2 (ITS1/2), respectively; the additional primers with barcode are
also listed in Appendix Table 1, which would make organisms amplified and sequenced
successfully by reducing the risk of amplification failure created by variation of each base (4-7).
All the primers should meet the following standards: (i) 18-30 bp for primer length; (ii) melting
temperature (Tm): 58°C—-65°C, with a temperature difference of less than 3°C between start tube
and additional primer; (iii) GC content of primers: 40%—60%; (iv) AG (Gibbs free energy) of the
last five resides of the primers at the 3’ end: >-9 kcal/mol (M. Wang et al., unpub. data,
https://doi.org/10.1101/2020.04.08.20057604). The 27F/1492R or ITS1/4 primer and its
additional primers was blended with the molar ratio of 3:1 for amplification. For mycobacterial
rpoB, MF/MR primer and the additional primers were especially mixed with the molar ratio of
3:1 to obtain the final specific primer pairs (Appendix Table 1). The full lengths of 16S rRNA,
ITS, and rpoB are =1.5 kb, 400—800 bp, and =400 bp in this study. Amplification of the 16S
rRNA gene and rpoB were performed in a 20 puL reaction system with 8 uLL extracted DNA, 2 uL.
barcoded primer consisting of random N bases (10 uM), and 10 pL 2x KOD OneTM PCR
Master Mix (TOYOBO) using the following procedure: 1 cycle at 98°C for 3 min, 35 cycles at
98°C for 10 s, 55°C for 5s, and 68°C for 10 s, followed by a final elongation step at 68°C for 5
min. ITS1/2 was first amplified using the same reaction system, and PCR procedure was
performed using the primer for ITS1/2 without a barcode (1 cycle at 98°C for 3 min, 35 cycles at
98°C for 10s, 55°C for 5 s, and 68°C for 10 s, followed by a final elongation step at 68°C for 5
min); the PCR product was purified using 0.8x AMpure beads (Beckman Coulter) and eluted in
10 pL Tris-EDTA buffer. Then, 5 pL of the eluate was used for the barcoded PCR with 5 puL of
the barcoded ITS1/2 primer set (10 uM) and 10 pLL 2x Phusion U Multiplex PCR Master Mix
using the following procedure: 1 cycle at 98°C for 3 min, 10 cycles at 98°C for 10s, 55°C for 55,
and 68°C for 5 s, followed by a final elongation step at 68°C for 5 min. The barcoded
amplification products of the 16S rRNA gene, ITS1/2, and rpoB from the same samples were
pooled at a mass ratio of 10:3:1. The pooled products from the different samples were equally

mixed and used to construct sequencing libraries using the 1D Ligation Kit (SQK-LSK109;
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Oxford Nanopore). Clinical samples and two Tris-EDTA buffers (no-template control, NTC)
were batched in one sequencing library, and the library was sequenced using Oxford Nanopore
GridION X5 with real-time base calling enabled (ont-guppy-for-gridion v. 1.4.3—1 and v. 3.0.3—

1; high-accuracy base calling mode).

Bioinformatics Analysis Pipeline

Base-calling and quality assessment of sequencing data were performed by using Oxford
Nanopore GridION X5 and Guppy in high accuracy mode (ont-guppy-for-gridion v. 1.4.3—1 and
v. 3.0.3—1; high-accuracy base calling mode). Sequencing reads with low quality (Q score <7)
and undesired length (<200 nt or >2,000 nt) were discarded. An in-house script was used to
analyze the output of the base calling data and generate a real-time taxonomy list of each sample
by screening and starting the bioinformatic pipeline when every 4,000 reads passed the base
calling process. Briefly, Porechop (v. 0.2.4) was used for adaptor trimming and barcode
demultiplexing for retained reads that passed the basecalling process. The reads of each sample
were mapped against the 16S rDNA/ITS reference database collected from NCBI FTP
(ftp://ftp.ncbi.nlm.nih.gov/refseq/TargetedLoci) using BLAST. Reads with alignments that
exhibited both >80% identity and >80% query coverage were retained (§). Then, the taxonomy
of each read was assigned according to the taxonomic information of the mapped subject
sequence. For the reads preliminarily assigned to the same species, a consensus sequence was
generated using Medaka (v. 0.10.1). Then, the consensus sequence was remapped to the 16S
rDNA/ITS reference database, and the best-assigned taxon was used as the final detection result
of reads from the same species of the preliminary taxonomy assignment. The pathogen detection
of the clinical sample was interpreted according to a strict set of rules as follows (M. Wang et al.,
unpub. data, https://doi.org/10.1101/2020.04.08.20057604). The criteria for calling a positive
result of bacterial or fungal identification by NTS is as follows: mapped reads of bacterial
species in specimens >100 or is more than that of any other species, and the ratio of mapped

reads in the specimen and negative control >10; mapped reads of fungi from the species level
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>20 or higher than 50% of relative richness, and the ratio of mapped reads in the specimen and
negative control >10. There are critical lists of bacteria and fungi that have been clinically known
to be typically or potentially pathogenic reported from clinical guidelines and literature (9). The
coverage and proportion of Rickettsia typhi detected by NTS in bronchoalveolar lavage fluid are

provided (Appendix Figure 1).

PCR and Sanger Validation

PCR reactions were performed in a 40 pL volume in a Thermal Cycler (Monad Biotech
Co., Ltd, WuHan). The reaction mixture contained 20 puL 2x Rapid Taq Master Mix (Vazyme
Biotech Co., Ltd, NanJing), 1.6 pL each of 10 uM primer, 11.8 uL water, and 5 pL of sample
DNA. DNA was amplified using the following PCR profile: 3 min of denaturation at 95°C;
followed by 38 cycles of 95°C for 15 s; annealing (60°C) for 15s; and 72°C for 5 s; with a final
extension step at 72°C for 5 min. All primers were manufactured by Wuhan GeneCreate
Biologic Engineering Co., Ltd (Appendix Table 1). The PCR products were analyzed by agarose
gel electrophoresis and purified with a DNA gel extraction kit (Simgen). Sanger sequencing was
performed on an ABI PRISM 3730 DNA Sequencer (Applied Biosystems, Foster City, CA,
USA) for validation. Then, sequence information was aligned with database using NCBI BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) online software to make sure the NTS data were
consistent with Sanger sequencing. Confirmatory PCR for R. #yphi gene was applied for the

detection of murine typhus in the BALF of this patient (Appendix Figure 2).
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Appendix Table 1. Primers for targeted amplification in nanopore targeted sequencing*

Marker genes Primer name Sequence, 5'to 3’ Reference
16S rRNA 8F Barcode-GGATCCAGACTTTGATYMTGG M. Wangt
27F Barcode-AGRGTTYGATYMTGGCTCAG 1
38F Barcode-GGCTCAGRWYGAACGCTRG M. Wangt
1492R Barcode-RGYTACCTTGTTACGACTT 1
1495R Barcode-TASRGYTACCTTGTTACGA M. Wangt
ITS1/2 ITS1 Barcode-TCCGTAGGTGAACCTGCGG 2
ITS1-2 Barcode-GTGAACCTGCGGAAGGATCAT M. Wangt
ITS4 Barcode-TCCTCCGCTTATTGATATGC 2
ITS4-2 Barcode-TATGCTTAAGTTCAGCGGGT M. Wangt
rpoB MF Barcode-CGACCACTTCGGCAACCG 3
MR Barcode-TCGATCGGGCACATCCGG 3
MF-2 Barcode-GACGACATCGACCACTTCGG M. Wangt
MR-2 Barcode-GGGTCTCGATCGGGCACAT M. Wangt

*ITS, internal transcribed spacer region.

M. Wang et al., unpub. data, https://doi.org/10.1101/2020.04.08.20057604

Appendix Table 2. Primers for PCR tests used to detect Rickettsia typhi in a patient with murine typhus

Pathogen Forward, 5 to 3’ Reverse, 3"'to 5'

Rickettsia typhi CATTTTTTATATAAAGGAAAAG CTATTTCCATGCTGGGCTTACT
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Microbe (n =71,252 reads)
Rickettsia typhi (n = 31,764; 44.58%)
Herbaspirillum huttiense (n = 9,647; 13.54%)
Pelomonas aquatica (n = 4,162; 5.84%)
Pelomonas saccharophila (n = 3,822; 5.36%)

B curvibacter gracilis (n = 1,581; 2.22%)

. Staphylococcus caprae (n = 1,515; 2.13%)

. Delftia lacustris (n=1,351; 1.9%)
Sphingomonas aquatilis (n = 1,080; 1.52%)

. Acintobacter Iwoffi (n = 959; 1.35%)

. Porphyrobacter donghaensis (n = 775; 1.09%)
Others (n = 14,596; 20.49%)

.

Appendix Figure 1. The coverage and proportion of Rickettsia typhi detected by nanopore targeted

sequencing in bronchoalveolar lavage fluid of patient with diagnosed murine typhus, China.
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Appendix Figure 2. Confirmatory PCR for R. typhi gene in bronchoalveolar lavage fluid from a patient

with diagnosed murine typhus, China.
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